(1) Experimental animals : As cold-blooded animals frogs (rana catesbiana) of 50-bog body weight, and as warm-blooded animals rabbits (Oryctolagus cuniculus var. domesticus) of about 2 kg body weight were employed.
Preface
With the object of studying
how and from what parts of blood vessels substances in the circulating blood are transferred to the surrounding tissues, various dye fluids were introduced into blood vessels and the modes and sites of extravasation of the dye fluids into the mesentric connective tissue were examined in vivo. As the findings obtained differed considerably from existing concepts they are herein reported.
Material and Method
(1) Experimental animals : As cold-blooded animals frogs (rana catesbiana) of 50-bog body weight, and as warm-blooded animals rabbits (Oryctolagus cuniculus var. domesticus) of about 2 kg body weight were employed.
(2) Dye fluids : As fluorescent dye rhodamin FM (B. C. G. Co.) and for light microscopy dye fluids indicated in table I were used. In case of fluorescent dye a small quantity satisfies the need, and as contrast is distinct observation becomes easy, but there is the defect that photography of fluoresence is difficult due to rapid movement of the dye. The dye fluids employed here, with the exception of China ink, were ascertained to pass with ease the walls of blood vessels in preliminary tests. Besides these, toluidin blue, indigo carmine, Congo red, methyl violet and Berlin blue were also used in the preliminary tests, but some were found not to pass through the walls of blood vessels, and others to produce damage to the heart or blood flow, so that they were abandoned. (3) Method : In rabbits intravenous and intra-arterial injections were adopted, and in frogs intravenous and intracardial injections. The abdomen was opened and the mesentery was spread out under a microscope to study the state of blood vessels in vivo. In rabbits the dye fluid was injected into the femoral vein, and also into the local artery of the mesenterium. In the former case the dye fluid has to reach the local blood vessels via the systemic circulation, and usually the dose necessary is about 20 cc, but in intra-arterial injection the amount of dye fluid needed to reach and extravasate from the blood vessels of the area of observation is extremely small .
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In general, for a single injection 0.1-0.2 cc was sufficient in case of arteries of about 1 mm in caliber. For continuous injection without interruption the dose was increased to about 1.0 cc in intra-arterial and to ca 40 cc in intravenous injections . In frogs intravenous injections were made into the v . musculocutanea or v. preabdominalis, and intra-atrial or intraventricular injections into the heart, taking care that they accord with the heart beat.
(I) In case of intravenous injections the following combinations of dye, and numbers of injection were adopted.
(1) Case of single injection with only 1 type of dye. For rabbits, the following dyes were used : rhodamin 10 cases (previous depletion of 20 cc blood in 6) patent blue V 4 cases (previous depletion of blood in all cases) Evans' blue (T-1824) 2 cases (1 case with previous blood depletion) trypan it was found that extravasation of dye occurs from blood vessels under observation, so in order to prevent rise in blood pressure previous depletion of blood (20 cc) was conducted and the intravenous injection was made. But it was found that there was practically no difference in the site and mode of extravasation due to this procedure of blood depletion from that without blood depletion. Also, practically no difference was noted when the medium for the dye fluid was physiological saline or distilled water.
The findings also did not vary with changes in concentration of the dye, but the defect of invisibility of color appeared when the concentration was lowered too much.
Extravasation occurs in case of rabbits within ca 20 seconds, and in case of frogs 30 seconds after injection. The sites and modes of extravasation differ according to type of dye, and can be roughly divided into the following groups :
by rhodamin, and belonging to the same group patent blue V, light green and methylene blue which are all highly diffusible.
(ii) represented by trypan blue, and characterized by poor diffusibility.
Trypan red and Evans' blue belong to this group.
(iii) represented by bromphenol blue, and other dyes with medium grade diffusibility.
(i) Findings of the rhodamin group : extravasation of dye occurs throughout the entire extent of vessels extending from arterioles to venules.
Extravasation at these sites occurs first from the precapillaries, especially as they branch from the arterioles or branch into capillaries, and in sequence from the capillaries and postcapillaries to the venules, at which time extravasation is also seen to occur from the arterioles.
In frogs extravasation occurs even from fairly large arterioles (Ca 70g in diameter).
The above is the general rule followed, but slight differences were seen in this sequence of extravasation sites according to individual capillary beds (table III). The frequencies of the sites of extravasation according to some capillary beds examined are shown (0 in table III. B). Next, the mode of extravasation was studied. As extravasation occurred along all the blood vessels described a color band was formed with the long axis parallel to the vessels and the speed of extravasation was rapid. As even with the same dye there was seen some difference due to the capillary bed, there inevitably occurred slight differences in the site and mode of extravasation when different dyes belonging to this group were injected.
With patent blue extravasation did not start occasionally as a color band, but extravasation occurred from sites separated by certain intervals, followed by extravasation from sites within the intervals, so that ultimately the extravasated dye produced a continuous color band.
Methylene blue extravasated from fairly large arteries (Ca 100/2) of frogs, while the findings with light green resembled closely those with patent blue.
(ii) Findings of the trypan blue group : extravasation occurred from sites extending from the precapillaries to venules, as may be seen from the columns of results following intravenous injection of trypan. blue (0 in table III. A). But the sequence of sites of extravasation and frequency differ considerably from those of the rhodamin group. In short the sites of extravasation of this group tend to be on the venous side. The mode of extravasation also differs considerably from that of the rhodamin group, occurring solitarily and sporadically from various sites of vessels within the area of extravasation, resulting in oval shaped sites of extravasation located at intervals (Figs. 2, 5, 6). In rabbits when extravasation occurs belatedly from venules of over 30/2 in diameter, it is no longer sporadic but occurs all over the venules and a color band is produced.
With this group extravasation is not instantaneous as in the rhodamin group. Practically no difference was seen in the mode and site of extravasation between trypan blue and other dyes of this group, such as trypan red and Evans' blue. (B) When injection of one type of dye is repeated 2 times, or a large amount introduced continuously without interruption, a picture similar to that after a single injection results, but the spread of extravasated dye is to some extent wider, the color more intense and does not disappear readily (Figs. 7, 8, 9) .
(C) When 2 different dyes are injected separately : (i) When rhodamin was injected first, followed by trypan blue : in both rabbits and frogs extravasation of the two dyes occurred in site and mode peculiar to each.
(ii) When trypan blue or other dye was injected first and China ink injected later, the carbon particles of the latter did not readily escape from the blood vessels, while the former extravasated readily. In frogs when extremely large quantities (more than 5 cc corresponding to one half of the entire blood volume) were injected, there was seen extravasation from the venules and venous capillaries, but never from blood vessels of the arterial side. In such a case the sites of extravasation were not necessarily related to those from which the first dye escaped (Fig. 10) .
In general, dyes injected intravenously reach the local site via the systemic circulation, so that extravasation continues for a fairly long period and there is seen spread of the dye to some extentwhen in between capillaries there is seen intermingling of spreadinto the tissues as long as extravasation of dye lasts, and the color does not disappear so readily.
(II) In case of intra-arterial injections : When dyes are injected intravenously a period of 20 seconds to 1 minute elapses before they reach the small blood vessels, but with intra-arterial injection extravasation is observed within a few seconds when injections are made into arteries of 1-2 mm in diameter, and almost instantaneously in case of arteries smaller than these.
(A) After a single injection. (i) rhodamin group : Extravasation occurred along with the blood flow, namely in the sequence of arteriole, precapillary, capillaries and postcapillary, but never from the venule. The frequency of site of extravasation was in general also according to the above order or sequence.
Rhodamin escaped almost instantaneously from the small blood vessels, but more slowly from larger vessels (arterioles).
In all cases extravasation occurred in the shape of a color band.
A point deserving attention is that in case of rhodamin the sites of extravasation following intra-arterial injection tended to be on the arterial side when compared with the state following intravenous injection, as shown by A in table III. B.
(ii) In case of the trypan blue group : When trypan blue is injected intra-arterially extravasation of dye occurs after a few seconds, first from the capillaries, then from the pre-and postcapillaries and lastly from the venules, but not from the arterioles (,A in Table III . A).
The mode of extravasation is sporadic and solitarily, resulting in oval-shaped forms of spread of the dye into the surroundings. The frequencies of extravasation from various parts of blood vessels are shown in table III.
It will be noted that following intra-arterial injection of trypan blue, though extravasation did not occur from the arteriole, there was a tendency rather to occur from the arterial side than after intravenous injection. However, when cold trypan blue (cooled to It was interesting to note that when the local blood flow stopped, extravasation of dye did not occur in both intra-arterial and intravenous injections, and that when the blood flow distal to the local site was stopped, there was seen extravasation immediately proximal to it when the small vessels concerned belonged to the category capable of extravasation.
Discussion
As R o u so and others have stated, "physiologists are accustomed to think of the vessels as of a three part system, arteries to bring, capillaries to exchange, and veins to collect once again ". According to S t a r 1 i n g's concept" of " capillaries to exchange ", substances pass from the arterial capillaries into the tissues and are reabsorbed from the tissues by the venous capillaries. L an di s" showed morphologically, the escape of dyes injected into blood vessels from the arterial side of capillaries, and supported S t a r lin g's above concept.
However, our experimental results differed from this traditional theory of Starling and L a n d i s, as escape of dye injected into blood vessels was seen not only from capillaries of the arterial side but also of the venous side, as well as from venules and arterioles.
And the sites and modes of extravasation were found to differ conspicuously with the type of dye, whether highly or poorly diffusible.
In case of highly diffusible dyes extravasation in general occurred from all sites extending from the arterioles to the venules, first from vessels of the arterial side and more frequently, but with poorly diffusible dyes, though the sites of extravasation covered a similar extent, escape occurred first from the venous side and more frequently.
Regarding the mode of extravasation, escape of dye occurred from all the blood vessels concerned in case of highly diffusible dyes, and the spread of the extravasated dye assumed the form of a color band with the vessels along the long axes. Speed of extravasation was rapid.
In case of poorly diffusible dyes escape of dye occurred sporadically, here and there, and solitarily, resulting in oval shaped forms of spread, and the speed of extravasation was slow. A point deserving attention is that though the sequence and frequencies of sites of extravasation following intra-arterial and intravenous injections varied, there was no basic difference in the modes of extravasation due to the type of dye. We believe that the findings after intravenous injection resemble most closely physiological extravasation of substances, and also the findings of Rous and his coworkers,12)" K a w an o" (directed by A m an o) and P f a f f and Her o l d." However, in the papers of Rous et at. and of K a w an o, no mention is made of difference in mode of extravasation due to type of dye, and only figures of the color band are described. Rous et al. pointed out that extravasation occurs most easily from the venous side of capillaries, and Am an o and K a w a n o emphasized especially the extravasation from the small venules.
Their views are entirely in contrast with L an di s' view. According to Rous et al.," " the permeability of the capillaries increases progressively along their course and is greatest where K. Mori, S. Yamada, R. Ohori, M. Takada and T. Naitt3 they pass into the least venules (the postcapillaries of our nomenclature)", and they termed the above " the gradient of permeability ", the intensity of permeability being based on the intensity of staining of tissues around the blood vessels.
As proof of extravasation of dye from the venous capillary end, they pointed out that the color is more intense here and could not be due to the flow of dye that had escaped from the arterial side of capillaries.
Needless to say, we succeeded in observing directly and distinctly under the microscope the escape of dye from the venous side. According to our observations the spread and disappearance of the extravasated dye were influenced by the blood flow, both being more rapid on the arterial side of the capillary bed, and less vigorous on the venous side.
The intensity of staining was hence believed to be not necessarily related with intensity of permeability of vessel. An attempt was therefore made to ascertain under the microscope from what sites of vessels extravasation occurs first and their sequence, as well as most abundantly.
The results revealed that with poorly diffusible dyes the general rule of R o u s et al. holds, but with highly diffusible dyes extravasation occurs more easily from the arterial side of the capillary bed. P f a f f and Herold seem to hold a similar view. Our findings that extravasation from venules did not occur following intra-arterial injection of highly diffusible dyes (A in table III. B) can be said to support the above.
In general the sequence and frequency of sites of extravasation following intra-arterial injection of any type of dye tends to be on the arterial side than after intravenous injection, though in case of poorly diffusible dyes this tendency is not so marked, and resembled the findings of L a n d i s, due probably to the employment by Landis of a micropipette for introducing the dye directly into a capillary, a technique that can be said to be an extreme case of intra-arterial injection employed by us. In L a n d i s' experiments the dyes were seen to escape only from the arterial capillaries.
May not this be due to the extremely small amount of dye introduced by the micropippete, making observation of only the first sites of extravasation possible ? Next, Landis found that even a poorly diffusible dye, such as trypan red (amount injected unknown), can escape from the arterial capillaries when injected intraventricularly. As was made clear from our findings (table III), extravasation with the same dye can vary from vessel to vessel, and even trypan blue can escape first from the arterial capillaries.
For explaining the extravasation of substances, S t a r 1 i n g and Landis state that " outward filtration occurs where the hydrostatic pressure is greater than the colloid osmotic pressure of the blood.. Fluid transfer under physiological conditions would then depend solely on pressure ". Against this, Rous and his co-workers believe that " dyes pass out all along the capillaries, but most readily from the distal portion of the capillaries where the pressure of the blood is lowest and the known conditions appear least favorable ", and hence, that extravasation is unrelated to pressure and occurs not by filtration but by diffusion.
Illi g" criticized and discussed the view s of Landis and Rous and his co-workers, supporting the latter.
The concept of Chambers and Z w e if a c h") may be said tc. be a combination of those of Rous and L a n d i S. According to them, " the thoroughfare channel is pre-eminently the site for outward filtration, while in the true capillaries which branch off from the channels serve largely for the inward filtration.
Toward the venous end of capillaries the variability of pressure shifts to favor inward filtration or absorption.
The gradient of permeability in the thoroughfare channel seems to represent a gradation in the limiting dimensions of the pores along the wall of the vessel. There is a gradual increase in the relative number of the larger pores toward the end where the blood is most venous ". They say, the pores, are in the intercellular cement substance that fills the interspaces. between endothelial cells, and the size of the pores is assumed to be 30-50 A in diameter according to Pap p e n h e i m e r's method of estimationl".
However, from studies of capillaries and arterioles. •-a,nd venules. Thus, extravasation can occur from all over these *vessels , and the mode of extravasation will be color band in form with the vessels running along the center of the band.
The particles of poorly diffusible dyes are smaller than those of colloids and larger than of highly diffusible dyes. As may be seen from table III, extravasation of poorly diffusible dyes was not so much limited to the venous side as colloidal substances, while in case of injections of two substances, trypan blue and carbon particles, the sites of extravasation of trypan blue differed from those of carbon particles, .and were intermediate in situation between highly diffusible dyes and colloids. As a rule, larger particles such as colloids (e. g. carbon particles) can not pass unless the junctions between endothelial cells -open widely, so that passage is limited to the venous side where the gradient of disconnection is high. But poorly diffusible dyes such as trypan blue can pass through junctions not so widely disconnected, and their extravasation is thus not necessarily limited to -the venous side . Nevertheless the sites and modes of extravasation can be said rather to resemble more that of colloidal substances. However, our views are based on inference and under the present .circumstances they can not be proved, as the extravasation of dyes such as trypan blue can not be observed in histological specimens .or in electron micrographs.
The mode of extravasation of poorly diffusible dyes can be explained from the findings of M a j n o and P a 1 a d e who state that -the carbon deposit is heaviest in the venules with a diameter of 20 to 30g, which at low enlargements appear as black cylinders. Proceeding towards the capillary, the deposit breaks up into uneven patches ". In the finer vessels extravasation is solitary and sporadic .due to the junctions between endothelial cells opening sporadically, and the spread of the extravasated dyes assumes an oval pattern, but in venules of more than 20-3012 in caliber the sites where the junctions between endothelial cells open become extremely numerous, and the extravasated dye produces the color band mode of spread already described in our findings (e.g. a vein in the left margin of Fig. 12) .
The difference seen between intra-arterial and intravenous methods of injection seems to be related also to differences in size of the particles.
In intravenous injections the dye combines with serum protein to cause molecule-aggregation, so that the particles --b ecome larger than after intra-arterial injection where such combi-:nation has not had time to occur. The larger the particle is, as in case of colloid, passage can occur only on the venous side where the junction between endothelial cells tend to open widely, and such seems to be the reason for extravasation to occur more on the venous side. Compared with this, in intra-arterial injection the particles are smaller and seem te cause extravasation more on the arterial side.
We believe the rapid extravasation of a large amount of dye fluid to be traceable to a physical phenomenon between the size of particles of substances and the gaps in the endothelium rather than a chemical one.
For example, pressure promotes passage, and the wider the gap, the larger the particle that can pass through.
Hence, on the arterial side with higher blood pressure and with endothelial interspaces difficult to open the permeability of the highly diffusible dye solution becomes greater.
On the venous side, though the escape of dyes and colloids is believed to be unrelated to pressure, there is the possibility that rise in local blood pressure can promote leakage. Our experiments revealed that with or without previous depletion of blood, namely whether the blood pressure of the systemic circulation is raised or lowered, there was practically no effect on the extravasation of dyes, but when the local blood flow stops just at the time that the injected dye reaches the local blood vessel, there occurred no extravasation.
Again, when the blood flow distal to the local site stops there was seen extravasation immediately proximal to it. These findings suggest the influence of pressure on extravasation.
There may be also various other factors, physical, chemical, physico-chemical or biological (e. g. action of pericytes, ferments nerves etc.), known to increase capillary permeability that seem to produce changes in size of particles or to influence the opening of the junctions between endothelial cells. The widening of capillary lumen that has been said by I I 11 g to raise permeability may also be the same in nature as this separation of junction between endothelial cells. Our experiments revealed that temperature also plays a role, as following intraarterial injection of cold dye fluid there occurred extravasation on the venous side. As there was no fear of moleculeaggregation of dye with serum protein due to the intra-arterial injection, the contraction of capillary lumen was caused probably by the coldm and the disconnection between endothelial cells was likely obstructed, and only extravasation resulted on the venous side which normally can allow the passage of large particles.
A problem that will require further study will be to determine what is actually responsible for the disconnection of these endothelial interspaces on the venous side.
•
Summary
Various dye fluids were injected into the blood vessels of frogs and rabbits and observations in vivo were made of their patterns of extravasation.
(1) A relation was noted between the site and mode of extravasation and the diffusibility of dye-diffusibility itself being related to the size of dye particles.
(2) Following intravenous injection the parts of blood vessels, excepting arterioles, where extravasation can occur were similar with both highly and poorly diffusible dyes. These parts extended from the arterioles to the venules. But the sequence of sites of extravasation and their frequency were in a reverse relationship. With highly diffusible dyes extravasation occurred in the sequence of precapillaries, capillaries, postcapillaries, venules and arterioles, and along the entire course of these vessels, so that the spread of extravasated dyes produced a color band form with the vessels along the long axis of the band. Contrary to this, with poorly diffusible dyes extravasation occurred first from the postcapillaires and venules, especially at the transitional portion of the two, then from the capillaries, and belatedly sometimes from the precapillaries. The mode of extravasation was sporadic and solitary, so that the spread of dye was oval in shape with the vessel running through the axis of the oval.
(3) Following intra-arterial injection of highly diffusible dyes leakage of dye occurred in the sequence of arterioles, precapillaries, capillaries and postcapillaries, but not from the venules. With poorly diffusible dyes the sequence was capillaries, pre-and post-capillaries and venules.
No leakage occurred from the arterioles. Thus, following intra-arterial injection of any type of dye, extravasation tended to occur in general from the arterial side, when compared with intravenous injection. However, the modes of spread were similar to those following intravenous injection, and highly diffusible dyes escaped from all over the vessels concerned forming a color band, and poorly diffusible dyes sporadically, from here and there, producing oval shaped forms.
(4) There was no marked difference in the sites and modes of extravasation between frogs and rabbits. (5 a=arteriole, pa=precapillary, ac=arterial capillaries d= dust (artifacts). x80 
